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Abstract 

The  electrode  behaviour  of  strontium  (Sr)-doped  LaMnCL  (LSM)  electrodes  is  investigated  by  an  electrochemical  impedance  spectroscopy 
technique  over  the  temperature  range  850-1000  “C  and  the  oxygen  partial  pressure  range  0.01-0.21  atm.  The  electrodes  are  screen-printed  on 
50  mm  x  50  mm  3  mol%  Y203-Zr02  electrolyte  cells  with  an  electrode  surface  area  of  10  cm2.  The  impedance  responses  show  two  separable 
arcs  and  are  analysed  in  terms  of  two  different  equivalent  circuits  with  comparable  information  on  the  electrode  processes  at  high  and  low 
frequencies.  The  electrode  process  associated  with  the  high-frequency  arc  is  essentially  independent  of  02  partial  pressure  with  an  activation 
energy  of  ~74  kJ  moF 1 ,  while  that  at  the  low-frequency  arc  has  an  activation  energy  of  ~202  kj  moF 1  and  a  reaction  order  with  respect  to  02 
partial  pressure  of  ~0.5  at  low  temperatures  and  ~0.85  at  high  temperatures.  The  electrode  processes  associated  with  the  low-  and  high- 
frequency  arcs  are  discussed.  ©  2002  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

Strontium-doped  LaMn03  (LSM)  is  the  most  common 
electrode  (cathode)  material  for  02  reduction  reaction  in 
solid  oxide  fuel  cells  (SOFCs)  [1-3].  The  kinetic  behaviour 
and  electrochemical  mechanism  of  the  oxygen  reduction 
reaction  at  the  LSM/Y203-Zr02  (YSZ)  interface  is  therefore 
important  for  the  development  of  SOFCs  and  has  been 
extensively  investigated  by  electrochemical  impedance 
spectroscopy  (EIS).  In  most  cases,  the  impedance  response 
for  02  reduction  at  the  LSM/YSZ  interface  is  characterised 
by  two  depressed  arcs  and  has  been  analysed  using  equiva¬ 
lent  circuits  [4-7].  Reaction  time  constant  which  range  from 
one  [8,9],  two  [4,10],  three  [11-13]  and  four  [14]  has  been 
disclosed. 

Despite  the  large  number  of  EIS  studies  reported  in  the 
literature,  there  is  no  conclusive  interpretation  of  the  impe¬ 
dance  response  of  02  reduction  at  the  LSM/YSZ  interface. 
The  rate-determining  step  has  been  attributed  to  either  an 
oxygen  dissociative  adsorption  process  [4,5],  gas-phase  02 
diffusion  [7,9]  or  oxygen  diffusion  on  the  LSM  surface 
[10,12,15].  Brichzin  et  al.  [16]  and  Kuznecov  et  al.  [17] 
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also  proposed  that  02  reduction  could  be  associated  with 
oxygen  diffusion  through  the  LSM  bulk.  The  discrepancies 
in  the  literature  with  regard  to  the  actual  mechanism  of  the 
02  reduction  at  LSM/YSZ  interfaces  may  be  intrinsically 
linked  to  variability  in  LSM/YSZ  microstructure,  morphol¬ 
ogy  of  LSM  particles,  and  cathodic  current  treatment  of  the 
cathode.  For  example,  the  initial  impedance  behaviour  for 
02  reduction  on  LSM  electrodes  is  strongly  affected  by 
cathodic  current  treatment  [6,12].  Depending  on  the  condi¬ 
tions  of  this  treatment,  namely,  current  density,  temperature 
and  polarisation  period,  the  impedance  behaviour  can  be 
characterised  with  between  one  and  three  arcs  [12].  This 
behaviour  has  been  attributed  to  changes  in  microstructure 
in  the  LSM  and  the  YSZ  interface  region  [18].  A  recent 
study  has  shown  [19]  that  the  initially  very  high  polarisation 
losses  and  electrode  resistance  can  also  originate  from  the 
presence  of  passivation  species  such  as  MnOA  and  in  parti¬ 
cular,  SrO  which  is  originally  enriched  on  the  LSM  surface. 
Cathodic  polarisation  is  effective  in  removing  or  decreasing 
the  concentration  of  the  passivation  species  at  the  reaction 
sites  close  to  the  three-phase  boundary  region. 

In  this  work,  02  reduction  on  porous  LSM  electrodes 
studied  by  means  of  electrochemical  impedance  spectro¬ 
scopy  on  50  mm  x  50  mm  electrolyte  cells  with  an  electrode 
surface  area  of  10  cm2  under  fuel  cell  operation  conditions. 
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The  large  electrode  surface  area  is  typical  for  solid  electro¬ 
lyte  cells  used  to  evaluate  the  performance  and  long-term 
stability  evaluation  under  SOFC  operation  conditions  [20]. 
The  impedance  was  measure  as  a  function  of  temperature 
(850-1000  °C)  and  oxygen  partial  pressure  (0.21-0.01  atm) 
under  open-circuit  potential  (OCP)  conditions  and  was 
characterised  by  equivalent-circuit  analysis. 


2.  Experimental 

Strontium-doped  lanthanum  manganite  with  a  composi¬ 
tion  of  (La0.82Sr0.i8)o.82Mn03  (LSM)  was  prepared  by  a  co¬ 
precipitation  method  followed  by  coarsening  at  1000  °C. 
The  A-site  non-stoichiometric  composition  of  LSM  is  effec¬ 
tive  in  inhibiting  the  formation  of  the  insulating  lanthanum 
zirconate  phase  [12].  The  powder  was  prepared  into  elec¬ 
trode  ink  and  screen-printed  on  to  50  mm  x  50  mm  electro¬ 
lyte  plates  of  3  mol%  Y203-Zr02  (TZ3Y,  Tosoh,  Japan). 
The  electrolyte  plate  was  prepared  by  tape  casting  and 
fired  at  1500  °C.  The  thickness  of  the  sintered  plate  was 
~  195  pm.  The  anode  was  a  conventional  Ni/TZ3Y  cermet 
with  a  volume  percentage  of  50/50  and  was  screen-printed 
on  to  the  opposite  side  of  the  TZ3Y  electrolyte  plate.  The  Ni/ 
TZ3Y  cermet  anode  and  LSM  cathode  were  fired  separately 
in  air  at  1400  and  1150  °C,  respectively.  The  area  of  the  LSM 
cathode  and  the  Ni/TZ3Y  anode  was  10  cm2.  Long  strips  of 
LSM  and  Ni/TZ3Y  were  also  screen-printed  on  the  cathode 
and  the  anode  sides,  respectively,  to  serve  as  reference 
electrodes.  The  impedance  behaviour  of  the  LSM  electrode 
was  measured  against  the  anode  side  Ni/TZ3Y  strip  refer¬ 
ence  electrode.  Ni  and  Pt  meshes  were  used  as  current- 
collectors  on  the  anode  and  the  cathode  side,  respectively. 
Separate  Pt  voltage  probes  were  provided  for  the  electro¬ 
chemical  measurements.  The  fuel  composition  at  the  anode 
side  was  kept  constant  at  96%  H2/4%  FLO.  The  air  and  fuel 
flow  rates  were  2  1  min'1.  The  gas  was  directed  on  to  the 
centre  of  the  electrodes  and  distributed  evenly  across  the 
electrode  area  through  distribution  channels  in  alumina 
blocks.  The  fuel  electrode  side  was  sealed  with  a  high 
temperature  gasket.  The  cell  configuration  and  the  gas  flow 
direction  are  shown  in  Fig.  1. 

In  the  measurements,  the  cell  was  heated  to  1000  °C  and 
the  electrode  behaviour  of  the  LSM  cathode  was  stabilised 
by  polarisation  with  a  current  density  of  250  mA  cm-2  for 
more  than  100  h.  Then,  the  impedance  measurements  were 
performed  using  a  Voltech  TF2000  frequency  response 
analyser  in  conjunction  with  a  potentiostat  (Utah  Electro¬ 
nics,  model  0152)  over  the  frequency  range  from  100  kHz  to 
1  Hz  with  an  amplitude  of  14  mV.  The  measurements  were 
performed  first  at  1000  °C  and  changing  the  CL  partial 
pressure  (Po2)  from  0.21,  0.10,  0.05  to  0.01  atm  (high  purity 
pre-mixed  CL/N2,  CIG,  Australia),  and  then  subsequently  at 
950,  900  and  finally  at  850  °C.  The  composition  of  the  gas 
mixture  was  also  checked  from  the  open-circuit  potential 
measured  against  fuel  gas  of  96%  H2/4%  H20.  The  impe- 
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Fig.  1.  Schematic  diagram  of  cell  configuration. 


dance  curves  were  analysed  by  a  non-linear  least  squares 
(NLLS)  analysis  program  developed  by  Boukamp  [21]. 


3.  Results 

The  impedance  responses  measured  at  open-circuit  at 
temperatures  between  850  and  1000  °C  and  Pq2  between 
0.01  and  0.21  atm  are  presented  in  Fig.  2.  The  responses  are 
generally  characterised  by  overlapping  and  depressed  arcs. 
At  low  Pq,  and  low  temperatures,  the  arcs  became  clearly 
separated  at  low  and  high  frequencies.  This  indicates  that 
at  least  two  electrochemical  processes  contribute  to  the 
overall  electrochemical  reaction.  The  electrode  impedance 
responses  at  high  frequencies  appears  to  be  independent 
of  oxygen  partial  pressure  at  all  temperatures,  while  those 
at  low  frequencies,  show  a  significant  dependence  on  the 
oxygen  partial  pressure.  The  magnitude  of  both  arcs  changes 
significantly  with  the  temperature. 

For  the  impedance  responses  shown  in  Fig.  2,  three 
different  equivalent  circuits  have  been  used  for  the  fitting, 
as  shown  in  Fig.  3.  In  the  circuits,  L  is  the  inductance,  Ro 
the  ohmic  resistance  of  the  electrode  measured  between  the 
cathode  and  the  anode  reference  electrodes  R ,  and  R2  the 
electrode  interface  (polarisation)  resistance  at  high  and  low 
frequencies,  CPE1  and  CPE2  the  corresponding  constant- 
phase  elements  (referred  to  as  Q  in  Boukamp’s  NLLS 
analysis  program  [21]),  and  WR  the  R-type  diffusion  impe¬ 
dance.  The  inductance  component  (L)  observed  at  high 
frequencies  is  found  to  be  ~  I  I  pH  from  the  NLLS  fitting 
and  is  relatively  constant  over  the  experimental  conditions 
studied.  The  high-frequency  intercept  of  the  impedance 
spectra  is  attributed  to  the  ohmic  resistance  between  the 
LSM  cathode  and  the  anode  reference  electrode  (Rn  in  the 
equivalent-circuit).  The  first  equivalent-circuit  (Fig.  3(a))  of 
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Fig.  2.  Impedance  responses  measured  at  (a)  1000  °C,  (b)  950  °C,  (c) 
900  °C  and  (d)  850  °C  at  different  partial  pressure  of  O2:  (O)  0.21  atm, 
(□)  0.10  atm,  (A)  0.05  atm,  (v)  0.01  atm.  Numbers  in  the  figure  are 
frequencies  in  Hz. 


two  R-CPE  circuits  in  series  (series  RC)  describes  two  rate- 
limiting  electrode  processes  in  series.  The  second  circuit 
(Fig.  3(b))  is  a  nested  or  ladder  type  of  two  R-CPE  circuits 
(nested  RC),  which  is  generally  used  to  describe  two  inter¬ 
related  limiting  electrode  processes  such  as  the  mass-trans- 
port  controlled  charge-transfer  processes.  The  third  circuit 
(Fig.  3(c))  represents  R-type  diffusion  impedance  and  has 
been  observed  for  O2  reduction  at  a  very  low  partial  pressure 
of  oxygen  in  a  solid  oxide  electrochemical  system  [22]. 

The  selected  circuits  have  been  used  to  fit  the  observed 
impedance  responses.  An  example  of  the  fitting  for  the  impe¬ 
dance  responses  measured  at  850  °C  and  Pq2  =  0.01  atm,  is 
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Fig.  3.  Equivalent  circuits  used  for  fitting:  (a)  series  RC,  (b)  nested  RC,  (c) 
R-type  impedance. 


shown  in  Fig.  4.  The  fittings  between  the  experimental  and 
the  calculated  data  are  generally  good  except  at  low  fre¬ 
quencies  where  the  calculated  data  start  to  deviate  from  the 
measured  values.  The  difference  between  the  fitted  real 
and  imaginary  impedance  data  and  the  experimental  ones 
measured  at  850  °C  and  Po2  =0.01  atm  is  shown  in  Fig.  5  as 
a  function  of  the  sampling  frequency.  The  large  deviation 
indicates  poor  fitting  of  the  equivalent  circuits  to  the 
observed  impedance  patterns.  The  best  fit  is  found  for  the 
equivalent  circuits  of  series  RC  (Fig.  3(a))  and  nested  RC 
(Fig.  3(b)).  Over  the  entire  temperature  and  Po2  ranges 
investigated,  the  series  RC  and  nested  RC  circuits  give 
overall  good  fits,  while  the  fitting  of  the  R-type  equiva¬ 
lent-circuit  is  much  poorer  especially  with  experimental  data 
at  high  temperatures  and  high  Pq2  .  The  reason  for  the  poor  fit 
of  the  R-type  circuit  is  probably  related  to  the  constant 
frequency  exponent  of  0.5  in  the  R-type  impedance.  This 
would  yield  a  partial  arc  at  low  frequencies  centred  on  the 
real  impedance  axis.  The  observed  depressed  low-frequency 
arcs  indicate  that  the  frequency  exponent  for  R-type  impe¬ 
dance  would  have  to  deviate  from  0.5  to  provide  a  good  fit 
[16].  The  physical  reason  for  having  an  exponent  other  than 


o 

a 

N— 


□ 

Series  RC 

A 

Nested  RC 

V 

R-type 

e 

Experimental 

ZR  /  fi  cm 


Fig.  4.  Fitting  of  various  equivalent  circuits,  as  shown  in  Fig.  3,  to 
experimental  data  (O)  measured  at  850  °C  and  O2  partial  pressure  of 
0.01  atm. 
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Frequency  /  Hz 


Fig.  5.  (a-c)  Deviation  of  equivalent-circuit  fittings  to  measured  data  for 
real  (O)  and  imaginary  (y)  impedance.  Experimental  data  measured  at 
850  °C  and  02  partial  pressure  of  0.01  atm. 


0.5  for  R-type  impedance  is  not  clear  at  this  stage.  Therefore, 
the  series  RC  and  nested  RC  circuits  were  chosen  for 
analysis  of  the  O2  reduction  reaction  on  the  screen-printed 
LSM  electrodes  (see  following  sections). 

Arrhenius  plots  for  the  electrode  interface  conductivity  (er 
is  reciprocal  of  electrode  interface  resistance)  of  high-  and 
low-frequency  arcs  (<7i  =  \/R\  and  01  =  1  /  AS)  are  shown 
in  Fig.  6  for  different  Pq2  obtained  from  the  NLLS  fit  of  the 
series  RC  circuit.  Results  for  the  nested  RC  circuit  are  given 
in  Fig.  7.  Activation  energies  calculated  from  the  slopes  of 
the  Arrhenius  plots  are  given  in  Table  1  for  the  two  circuits  at 
different  Pq2 ■  As  shown  in  Figs.  6(a)  and  7(a),  the  electrode 


1000/T/K'1 


Fig.  6.  Arrhenius  plots  for  (a)  ox  and  (b)  o2  determined  from  NLLS 
analysis  of  series  RC  circuit  at  different  partial  pressures  of  02.  Line  is  best 
fit  from  regression  analysis. 


1000/T/K'1 

Fig.  7.  Arrhenius  plots  for  (a)  ox  and  (b)  o2  determined  from  NLLS 
analysis  of  nested  RC  circuit  at  different  partial  pressures  of  02.  Line  is 
best  fit  from  regression  analysis. 
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Table  1 

Activation  energy  of  0\  and  o2  evaluated  using  series  RC  and  nested  RC 
equivalent  circuits  at  different  partial  pressures  of  oxygen 


Po2  (atm) 

Activation  energy,  Ea  (kJ  mol  1 ) 

Series  RC  circuit 

Nested  RC  circuit 

°2 

°2 

0.21 

86 

219 

68 

198 

0.10 

72 

236 

68 

222 

0.05 

59 

214 

78 

206 

0.01 

65 

163 

95 

158 

Average 

71  ±  11 

208  ±  31 

77  ±  12 

196  ±  27 

conductivity  of  the  high-frequency  arc  (crj)  is  not  affected  by 
the  partial  pressure  of  O2.  On  average,  the  activation  energy 
of  the  high-frequency  arc,  crj  is  71±llkJ  mol-1  for  the 
series  RC  circuit  and  77  ±  12  kJ  mol  1  for  the  nested  RC 
circuit.  This  indicates  that  the  electrode  process  associated 
with  the  high-frequency  arc  is  essentially  independent  of 
Po2.  The  electrode  process  associated  with  the  low-fre¬ 
quency  arc  is  strongly  affected  by  Pq2,  namely,  the  higher 
Po2 ,  the  higher  cr2  for  02  reduction.  The  activation  energy  of 
the  electrode  process  associated  with  the  low-frequency  arc 
appears,  however,  to  be  independent  of  Po2 .  The  activation 
energy  of  the  electrode  conductivity  of  the  low-frequency 
arc  (c2)  is  208  ±  31  kJ  mol-1  for  the  series  RC  circuit  and 
196  ±  27  kJ  mol-1  for  the  nested  RC  circuit. 


Pn  /  atm 


Fig.  8.  Plots  of  log  (7— log  Po2  for  (a)  0\  and  (b)  o2  determined  from  NLLS 
analysis  of  series  RC  circuit  at  different  temperatures.  Line  is  best  fit  from 
regression  analysis. 


Fig.  9.  Plots  of  log  e-log  P O2  plots  for  (a)  0\  and  (b)  a2  determined  from 
NLLS  analysis  of  nested  RC  circuit  at  different  temperatures.  Line  is  best 
fit  from  regression  analysis. 

The  Pq2  dependence  of  the  electrode  conductivity  for  the 
low-  and  high-frequency  arcs  was  determined  from  the 
log  c— log  Pq,  plots  at  different  temperatures  for  the  series 
RC  circuit  (Fig.  8)  and  nested  RC  circuit  (Fig.  9).  The  reaction 
orders  with  respect  to  Pq2  determined  from  the  slope  at 
different  temperatures  are  listed  in  Table  2.  As  shown,  the 
reaction  order  with  respect  to  /Jo,  for  the  electrode  reaction  at 
the  high-frequency  arc  (o'!)  is  close  to  zero  (0.05  ±0.1  on 
average)  and  is  almost  independent  of  temperature.  For  the 
electrode  reaction  at  the  low-frequency  arc  (cr2),  however,  the 
reaction  order  appears  to  be  related  to  the  temperature  and 
decreases  with  decreasing  temperature.  For  the  series  RC 
circuit,  the  reaction  order  with  respect  to  Pq2  is  0.86  at 
1000  °C  and  0.59  at  850  °C.  For  the  nested  RC  circuit,  the 


Table  2 

Reaction  order  with  respect  to  Po2  for  and  <r2  evaluated  using  series  RC 
and  nested  RC  equivalent  circuits  at  different  temperatures 


Temperature 

(°C) 

Reaction  order, 

*  in  Tq2 

Series  RC  circuit 

Nested  RC  circuit 

ct2 

<*1 

O  2 

1000 

0.15 

0.86 

0.14 

0.76 

950 

0 

0.75 

0.06 

0.48 

900 

-0.05 

0.64 

-0.06 

0.45 

850 

0.08 

0.59 

0.11 

0.50 
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Fig.  10.  Comparison  of  reaction  order  with  respect  to  Po2  of  0\  and  02  for 
series  RC  (open  symbols)  and  nested  RC  (filled  symbols)  as  function  of 
temperature.  Error  bars  were  obtained  from  regression  analysis  and  lines 
are  for  guide  only. 

reaction  order  is  0.75  at  1000  °C  and  decreases  to  0.45  for 
temperatures  below  1000  °C.  The  series  RC  circuit  gives 
overall  higher  reaction  orders  for  er2  than  those  from  the 
nested  RC  circuit.  The  temperature  dependence  of  the  reac¬ 
tion  order  with  respect  to  the  partial  pressure  of  oxygen  is 
summarised  in  Fig.  10.  In  general,  the  reaction  order  for  the 
electrode  process  associated  with  the  low-frequency  arc 
decreases  with  decrease  in  temperature. 

The  exponent  n  in  (j®)-"  for  the  CPE  components  is 
found  to  be  ~0.7  when  determined  from  the  NLLS  analysis 
for  both  equivalent  circuits.  The  value  of  CPE1  is  around 
2  ±  1  mF  cm-2  for  both  the  series  RC  and  the  nested  RC 
circuits  and  is  relatively  independent  of  Pq2.  The  value  of 
CPE2  ranges  from  18  to  32  mF  cm-2  and  appears  to  have  a 
complex  dependence  on  Pq2  and  temperature.  In  general, 
capacitance  value  of  high-  and  low-frequency  arcs  is  con¬ 
sistent  with  those  measured  on  porous  LSM  electrodes  with 
much  smaller  electrode  area  (0.44  cm2)  [13].  Large  errors 
in  CPE1  and  CPE2  determined  from  the  NLLS  fit  routine 
prevent  more  exact  analysis. 

4.  Discussion 

The  fitting  of  the  series  RC  and  nested  RC  equivalent 
circuits  to  the  observed  impedance  data  shows  only  a  subtle 
difference  within  the  relative  errors  of  the  NLLS  fitting 
program.  Therefore,  both  equivalent  circuits  could  be 
applicable  to  the  electrochemical  processes  of  the  02  reduc¬ 
tion  reaction  based  purely  on  the  overall  fitting  of  the 
impedance  responses.  This,  in  turn,  indicates  the  difficulties 
in  the  application  and  interpretation  of  equivalent-circuit 
fittings  as  there  is  not  a  one-to-one  correspondence  between 
the  equivalent-circuit  and  the  impedance  pattern.  The 
observed  separable  two  impedance  arcs  at  low  and  high 


frequencies  show,  however,  that  the  02  reduction  reaction  is 
at  least  limited  by  two  electrode  processes. 

The  activation  energy  of  the  electrode  process  at  the  low- 
frequency  arc  (158-236  kJ  mol-1)  agrees  with  that  reported 
by  Youngblood  et  al.  [4]  for  a  pressed  LSM  electrode  and  by 
the  present  authors  for  a  porous  LSM  electrode  with  a  much 
smaller  electrode  area  (0.44  cm2)  [13].  The  capacitance  value 
of  the  low-frequency  arc  is  in  the  range  18-32  mF  cm-2, 
which  is  consistent  with  the  high  pseudo-capacitance  values 
usually  associated  with  adsorption  and  diffusion  processes  as 
observed  for  H2  adsorption  and  diffusion  on  Ni  surface  at  Ni/ 
YSZ  cermet  anodes  [23]  and  for  surface  adsorption  of  oxygen 
on  a  Pt  electrode  [24].  The  reaction  order  with  respect  to  the 
partial  pressure  of  oxygen  in  the  present  study  is  in  the  range 
0.45-0.86  and  generally  decreases  with  decreasing  tempera¬ 
ture  (Fig.  10).  As  shown  by  Takeda  et  al.  [25],  a  reaction  order 
of  0.5  with  respect  to  the  partial  pressure  of  oxygen  indicates 
a  reaction  limited  by  the  atomic  oxygen  concentration, 
whereas  a  value  of  1  indicates  a  reaction  limited  by  molecular 
oxygen  concentration.  This  suggests  that  the  electrode  pro¬ 
cess  at  the  low-frequency  arc  is  most  likely  a  mixed  process 
of  dissociative  adsorption  and  diffusion  limited  by  atomic 
oxygen  and  molecular  oxygen  concentration.  The  change  in 
reaction  order  with  respect  to  Pq2  may  be  due  to  the  fact  that 
the  relative  magnitude  of  the  reaction  rates  of  adsorption  and 
diffusion  of  oxygen  on  the  LSM  surface  could  be  influenced 
by  temperature.  The  results  of  this  study  are  generally  in 
agreement  with  the  common  consensus  that  the  electrode 
processes  at  low  frequencies  are  related  to  the  dissociative 
adsorption  and  diffusion  of  oxygen  on  the  LSM  surface 
[4,7,13]  The  activation  energy  of  <r2  (ranging  from  158  to 
236  kJ  mol-1)  is  close  to  that  of  oxygen  trace  diffusion  (250- 
300  kJ  mol-1)  [26],  which  indicates  that  the  adsorption 
and  surface  diffusion  processes  associated  with  the  low- 
frequency  arc  may  proceed  through  an  oxygen-vacancy 
transportation  mechanism  at  the  LSM  surface. 

The  electrode  process  associated  with  the  high-frequency 
arc  are  characterised  by  an  activation  energy  of  ~70  kJ 
mol-1  and  a  zero  reaction  order  with  respect  to  the  partial 
pressure  of  oxygen.  The  capacitance  of  the  high-frequency 
arc  is  in  the  range  2  ±  1  mF  cm-2.  On  a  porous  LSM 
electrode  with  an  electrode  area  of  0.44  cm2  the  capacitance 
of  the  high-frequency  arc  is  found  to  be  between  3.4  and 
20  mF  cm-2  [13].  In  another  study,  van  Heuveln  et  al.  [6] 
reported  the  capacitance  of  the  high-frequency  arc  to  be  as 
high  as  1  mF  cm-2  for  LSM  cathodes  with  60%  contact  to 
the  YSZ  surface.  These  workers  attributed  this  capacitance 
to  the  double-layer  capacitance  of  the  LSM/electrolyte 
interface.  This  capacitance  value  appears,  however  to  be 
too  high  to  be  associated  with  a  double-layer  capacitance.  A 
recent  investigation  of  02  reduction  on  porous  LSM  elec¬ 
trodes  showed  that  the  electrode  conductivity  of  the  high- 
frequency  arc  (ffi)  is  basically  independent  of  the  dc  bias 
[27].  This  indicates  that  the  electrode  process  at  high 
frequencies  cannot  be  associated  with  a  charge-transfer 
process.  The  impedance  of  the  high-frequency  arc  has  an 
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activation  energy  close  to  that  for  oxygen  ionic  conduction 
in  YSZ  materials  [28].  All  these  observations  suggest  that 
the  electrode  process  associated  with  the  high-frequency  arc 
may  be  the  migration  and  diffusion  of  oxygen  ions  from  the 
three-phase  boundary  into  zirconia  electrolyte  lattice.  The 
observed  independence  of  04  with  oxygen  partial  pressure 
indicates  that  the  migration  and  diffusion  of  oxygen  ions 
into  zirconia  electrolyte  may  be  primarily  limited  by  the 
oxygen  ion  conductivity  of  the  electrolyte  as  the  oxygen  ion 
conductivity  of  YSZ  is  not  affected  by  the  Pq2  under  the 
conditions  studied  [29] .  This  is  also  supported  by  the  report 
[30]  that  the  exchange  current  density  of  cathodes  for 
oxygen  reduction  increases  with  the  ionic  conductivity 
of  the  electrolyte.  The  association  of  the  high-frequency 
arc  with  the  presence  of  La2Zr207  at  the  electrode/electro¬ 
lyte  interface  [31]  may  not  be  possible  in  the  present  study 
as  the  excess  manganese  in  the  A-site  non-stoichiometry 
LSM  composition  would  inhibit  the  La2Zr207  formation 
[32]. 

As  shown  in  the  present  study  and  by  others  [16],  there  is 
not  a  one-to-one  correspondence  between  the  equivalent- 
circuit  and  electrode  reaction  process.  Thus,  equivalent 
analysis  of  electrode  impedance  alone  is  not  able  to  distin¬ 
guish  the  oxygen  diffusion  reaction  dominated  by  the 
surface  or  the  bulk  diffusion  path  for  the  02  reduction  on 
LSM  electrodes.  On  the  other  hand,  an  independent  and 
detailed  study  of  02  reduction  on  porous  LSM  electrodes 
with  introduction  of  surface  diffusion  inhibiting  species 
(i.e.  gaseous  Cr  species)  have  provided  clear  evidence  that 
02  reduction  is  dominated  by  surface  processes  related  to 
dissociative  adsorption  and  diffusion  of  oxygen  on  the  LSM 
surface  [13,27]. 

5.  Conclusions 

Impedance  responses  of  02  reduction  on  the  LSM/YSZ 
interface  of  a  50  mm  x  50  mm  fuel  cell  at  open-circuit 
shows  two  arcs  over  the  temperature  range  850-1000  °C 
and  the  oxygen  partial  pressure  range  0.01-0.21  atm.  These 
arcs  fitted  by  NLLS  for  two  different  equivalent  circuits, 
namely,  the  series  RC  and  the  nested  RC  circuits.  Both  show 
good  fit  over  the  full  experimental  range  with  compatible 
electrode  process  information.  The  high-frequency  arc  can 
be  attributed  to  the  migration  and  diffusion  of  oxygen 
species  from  the  three-phase  boundary  region  into  the 
zirconia  electrolyte  and  has  some  characteristics  of  electro¬ 
lyte  contribution.  It  is  essentially  independent  of  oxygen 
partial  pressure  with  an  activation  energy  of  around 
74kJmol_1.  The  activation  energy  of  the  reaction  asso¬ 
ciated  with  low-frequency  arc  is  ~202  kJ  moL1  and  has  a 
reaction  order  with  respect  to  oxygen  partial  pressure  of  0.5 
at  low  temperatures  and  ~0.86  at  high  temperatures.  The 
electrode  processes  at  the  low-frequency  arc  can  be  attrib¬ 
uted  to  concentration  impedance  associated  with  dissocia¬ 
tive  adsorption  and  diffusion  of  oxygen  on  the  LSM  surface. 


This  study  shows  that  the  electrode  impedance  behaviour  on 
large  electrolyte  cells  (10  cm2)  is  essentially  the  same  as  that 
reported  on  the  electrolyte  cells  with  much  smaller  areas 
(e.g.  0.44  cm2  or  smaller)  [4,13]. 
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